Two cannabinoid receptors have been identified: CB1, present in the central nervous system (CNS) and to a lesser extent in other tissues, and CB2, present outside the CNS, in peripheral organs. There is evidence for the presence of CB2-like receptors in peripheral nerve terminals. We report now that we have synthesized a CB2-specific agonist, code-named HU-308. This cannabinoid does not bind to CB1 (Ki > 10 M), but does so efficiently to CB2 (Ki ‫؍‬ 22.7 ؎ 3.9 nM); it inhibits forskolin-stimulated cyclic AMP production in CB2-transfected cells, but does so much less in CB1-transfected cells. HU-308 shows no activity in mice in a tetrad of behavioral tests, which together have been shown to be specific for tetrahydrocannabinol (THC)-type activity in the CNS mediated by CB1. However, HU-308 reduces blood pressure, blocks defecation, and elicits anti-inflammatory and peripheral analgesic activity. The hypotension, the inhibition of defecation, the anti-inflammatory and peripheral analgesic effects produced by HU-308 are blocked (or partially blocked) by the CB2 antagonist SR-144528, but not by the CB1 antagonist SR-141716A. These results demonstrate the feasibility of discovering novel nonpsychotropic cannabinoids that may lead to new therapies for hypertension, inflammation, and pain.
C
annabis sativa preparations have been known for millennia as therapeutic agents against various diseases (1) . Their active constituent, ⌬ 9 -tetrahydrocannabinol (THC) (2) , is prescribed today, under the generic name Dronabinol, against vomiting and for enhancement of appetite, mainly in AIDS patients. However, separation between the therapeutically undesirable psychotropic effects from the clinically desirable ones has not been reported with agonists that bind to cannabinoid receptors. THC, as well as the two major endocannabinoids identified so far, anandamide (3) and 2-arachidonylglycerol (2-AG) (4, 5) , produce most of their effects by binding to both the CB 1 and CB 2 cannabinoid receptors.
The CB 1 receptor is present in the central nervous system (CNS) (6, 7) and, to a lesser extent, in other tissues. Although the CB 2 receptor is not present on central neurons, it is present elsewhere, mostly in peripheral tissue associated with immune functions, including macrophages and B cells (8) . CB 2 -like receptors may be present in peripheral nerve terminals (refs. 9 and 10; for recent reviews, see refs. [11] [12] [13] [14] . Although the effects mediated by CB 1 , mostly in the CNS, have been thoroughly investigated, those mediated by CB 2 have not been well explored.
A direct route that can clarify the CB 2 effects and facilitate the introduction of new therapeutic entities is the preparation and evaluation of specific CB 2 agonists. We report now the synthesis of such a specific ligand, code named HU-308, its differential binding to CB 1 and CB 2 , its effect on cyclic AMP production, and its action on several in vivo assays known to be affected by cannabinoids.
Materials and Methods
Synthesis and Administration of HU-308. The starting materials, 4-hydroxymyrtenyl pivalate (I), 5-(1,1-dimethylheptyl)resorcinol (II), and the intermediate (III) in the synthesis of HU-308, were prepared as previously reported (15) . The synthesis of HU-308 is described in Scheme 1. The indicated structure of HU-308 (structure V), melting point 50°C, [ HU-308 was dissolved in ethanol͞Emulphor͞saline (1:1:18) as described previously for other cannabinoids (16, 17) . HU-308 was administered i.p. into mice in the behavioral, the antiinflammatory, and the antinociceptive assays. In experiments in which blood pressure was monitored, it was administered i.v. into rats. The time schedules and details of administration are described in the legends of Figs. 2-6.
Receptor Binding Assays. The CB 1 binding assays were performed with synaptosomal membranes prepared from rat brains (3). The CB 2 assays were performed with transfected cells (4) . All assays were done in triplicate. The previously described probe [ 3 H]HU-243 was used in a centrifugation-based ligand binding assay (3, 18) . It has a K i value of 45 Ϯ 7 pM.
Cyclic AMP Assay. The ability of HU-308 to inhibit forskolinstimulated cyclic AMP production in Chinese hamster ovary (CHO) cells, stably transfected with human CB 1 or CB 2 receptors, was measured by a method we have used previously for the bioassay of other cannabinoids (19) . The effect of HU-308 on cyclic AMP production has been expressed in percentage terms and mean values for EC 50 ; maximal effects (E max ) and the SEM or 95% confidence limits of these values have been calculated by nonlinear regression analysis with the equation for a sigmoid concentration-response curve (PRISM software from GraphPad, San Diego) (19) .
Animals and Drugs. Female Sabra mice (2 months old, HarlanSprague-Dawley, Jerusalem) were used in a series of tests for psychotropic effects (the ''tetrad''), for assessing intestinal immotility (defecation), and in the assays for inflammation and peripheral pain. Groups of five mice were used in each experiment. Blood pressure was measured in male Sabra rats. HU-308, SR-141716A, and SR-144528 (the latter two were a generous gift of Sanofi Recherche, Paris) were dissolved in a vehicle (ethanol͞ Emulphor͞saline ϭ 1:1:18) and injected in volumes of 0.1 ml͞10 g in mice or 0.1 ml͞100 g in rats.
The experiments on animals were performed according to standards determined by the Committee on Ethics in Animal Research of the Hebrew University of Jerusalem.
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The Tetrad of Pharmacological Assays in Mice.
A series of four consecutive observations were performed on each mouse, following a standard procedure employed to evaluate psychoactive cannabinoid-induced effects in mice (16) with time intervals similar to those described previously by our group (17) . In short, at various times after injection (see Results and Discussion), mice were tested in four assays consecutively: (i) motor activity (ambulation and rearing) in an open field (20 ϫ 30 cm, divided into 12 squares of equal size) for 8 min; (ii) immobility (catalepsy) on a ring of 5.5 cm diameter for 4 min; (iii) rectal temperature with a telethermometer (Yellow Springs Instruments); and (iv) antinociception on a hot plate maintained at 55°C, measured as the latency (in s) until the first hind paw lick or jump from the plate (the latter response was rarely observed) with a maximum of 45 s.
Intestinal Immotility. Immediately after injection of HU-308 (10 or 20 mg͞kg), the mice were separated into individual cages and the number of fecal pellets was recorded every 15 min for 2 hr as a measure of intestinal motility. Rectal temperature was recorded as a measure of central activity.
Arachidonic Acid-Induced Ear Inflammation in the Mouse. Ear inflammation was measured by assessing ear tissue swelling after topical application of arachidonic acid. Nonsteroidal antiinflammatory drugs have been shown to reduce swelling in this model (20) . Thus, at various times after i.p. injections (see Fig.  5 ) of HU-308 (50 mg͞kg), arachidonic acid was applied to the inner surface of one ear (4.5 mg dissolved in 5 l of ethanol). The opposite ear served as control (5 l of ethanol). Ear thickness was determined (in 0.01-mm units) by using a dial thickness gauge (Mitutoyo, Japan) every 15 min for 90 min, starting immediately after arachidonic acid application.
Peripheral Pain. Pain mediated by the peripheral nervous system was tested in the ''formalin test'' for cutaneous (peripheral) pain (21-23). HU-308 or the vehicle was injected i.p. In experiments involving an antagonist, the latter was administered i.p. 15 min before HU-308. Formalin (3.2% dissolved in saline) was injected (in 20-l volumes) s.c. in the plantar surface of the hind paw of a mouse 90 min after HU-308. Immediately after formalin administration, nociception was assessed (every 5 min for 1 hr) by the number of times the animal licked the formalin-injected paw.
Blood Pressure Assay. Systemic blood pressure was monitored in male rats (Sabra strain, 270-350 g). Under pentobarbital anesthesia (60 mg͞kg), a cannula (P 50, Clay Adams) was implanted into the femoral artery. The arterial cannula was attached to a pressure transducer (Db23, low volume displacement; Statham, Oxnard, CA). The transducer was connected to a data acquisition system (CODAS software and scroller card, Dataq, Akron, Ohio), and the pressure was sampled at a rate of 1͞s. Concomitantly, the jugular vein was cannulated (polyethylene 10 tip welded to polyethylene 50) for drug administration. Recordings were taken for 30 to 60 min before treatment started. Only a single bolus of HU-308 (5-40 mg͞kg) with or without antagonist (SR-141716A to block CB 1 receptors; SR-144528 to block CB 2 receptors), was administered to each rat. The antagonists alone were also administered (Fig. 4) .
Preliminary observations had indicated that the effects of HU-308 on blood pressure dissipated well within a 30-min period after administration. Hence, measurements were performed for 30 min after bolus injections of HU-308.
Statistical Analyses. Time curves were compared by two-way ANOVA (time ϫ dose). Differences from vehicle treatments were compared by one-way ANOVA, followed by posthoc Newman-Keuls tests (PRISM, GraphPad).
Results and Discussion
Selective agonists for a specific receptor are of interest and importance as they make possible the biochemical and pharmaScheme 1. Synthesis of HU-308.
Step a, dry p-toluenesulfonic acid in methylene chloride; step b, potassium carbonate, methanol; step c, lithium aluminum hydride.
cological investigations of individual receptors and may serve as drug leads. Several synthetic cannabinoids have been shown to bind to the CB 2 receptor with a higher affinity than they have to the CB 1 receptor (for review, see ref. 24 ). Most of these compounds exhibit only modest selectivity (25) (26) (27) . Of particular relevance to the present work are cannabinoid-type compounds, such as L-758,656 and L-759,633, in which the phenolic group is blocked as a methyl ether. One of these, L-759,656, was reported to have a CB 1 ͞CB 2 affinity ratio Ͼ1000 (25); however, recent work has reported a ratio (measured with membranes from CHO cells stably transfected with human receptors) of only 414 (28) . Both L-759,656 and L-759,633 are potent inhibitors of forskolinstimulated cyclic AMP production in CB 2 -transfected cells (28) . In vivo pharmacology of these agonists has yet to be described. An indole derivative, AM-620, has been found to have a CB 1 ͞CB 2 affinity ratio of 165. It behaves as an inverse agonist at CB 2 receptors and as a weak partial agonist at CB 1 receptors (28). Other heterocyclic compounds that bind preferentially to CB 2 have been reported in the patent literature (24) .
We now report the synthesis of a CB 2 -specific agonist, the bicyclic HU-308 (Scheme 1), with a K i ϭ 22.7 Ϯ 3.9 nM (Fig. 1) . It does not bind to CB 1 (K i Ͼ 10 M).
In CB 2 -transfected cells, HU-308 inhibited forskolinstimulated cyclic AMP production in a concentration-related manner with a mean EC 50 value of 5.57 nM (1.68 and 18.5 nM; n ϭ 5), and a mean E max value of 108.6 Ϯ 8.4% (n ϭ 5). In CB 1 -transfected cells, the mean inhibitory effect of HU-308 was 9.9 Ϯ 15.9% at 1 M (n ϭ 5) and 72.5 Ϯ 8.5% at 10 M (n ϭ 4). At concentrations up to 10 M, HU-308 had no effect on forskolin-stimulated cyclic AMP production in cells that had not been transfected with cannabinoid receptors (n ϭ 3). These data provide strong evidence that HU-308 shares the ability of established cannabinoid receptor agonists to inhibit cyclic AMP production (19) , and they confirm that it interacts significantly more readily with CB 2 than with CB 1 receptors.
These differences in binding and in inhibition of cyclic AMP production are reflected in the results of the pharmacological assays. In mice, a high dose of HU-308 (40 mg͞kg) did not decrease the activity in an open field trial, did not cause catalepsy, did not reduce body temperature, and did not cause analgesia, measured on a hot plate when tested 10, 30 (data not shown), or 150 min after i.p. administration (Fig. 2) . Such effects are considered to be mediated by the CB 1 receptor (12, 14, 16 ).
The binding data for compounds that bind to CB 2 reported so far (24) (25) (26) (27) (28) , as well as for HU-308 in the present paper, indicate that major differences exist between the structure-activity relationships (SAR) for binding to CB 1 and CB 2 . Although a free phenolic group in cannabinoid-type compounds is a basic structural feature for CB 1 binding and cannabimimetic activity (29) , it is not required for CB 2 binding. The data published so far do not allow a detailed SAR analysis; however, the results with cannabinoid-type as well as with heterocyclic compounds (24, 27) indicate that very significant differences exist.
Inhibition of gastrointestinal activity has been observed after administration of ⌬ 9 -THC (see refs. 30 and 31 and refs. therein) and of anandamide (32, 33) . This effect has been assumed to be CB 1 -mediated, because the specific CB 1 antagonist SR-141716A blocked the effect (33) . A previous report from our laboratory (32), however, suggested that inhibition of intestinal motility may also have a CB 2 -mediated component. The results presented now strongly support this assumption. HU-308 caused complete inhibition of intestinal mobility at 20 mg͞kg (Fig. 3) , which was partially blocked by SR-144528. Hence this gastrointestinal effect may be mediated, in part at least, by the peripheral CB 2 receptor.
Cannabinoids are well known for their cardiovascular activity (for review, see ref. 34) . In an outstanding series of papers, Kunos and his group have shown that activation of peripheral CB 1 receptors contributes to hemorrhagic and endotoxininduced hypotension, and that anandamide and 2-AG, produced by macrophages and platelets, respectively, may be mediators of this effect. The hypotension in hemorrhaged rats was prevented by the CB 1 antagonist SR-141716A (35, 36) . Recently, the same group found that anandamide-induced mesenteric vasodilation is mediated by an endothelially located SR-141716A-sensitive ''anandamide receptor,'' distinct from the CB 1 cannabinoid receptor, and that activation of such a receptor by an endocan- nabinoid, possibly anandamide, contributes to endotoxininduced mesenteric vasodilation in vivo (37) . The highly potent synthetic cannabinoid HU-210, as well as 2-AG, had no mesenteric vasodilator activity (37) . Furthermore, it was shown that mesenteric vasodilation by anandamide apparently has two components: one mediated by an SR-141716-sensitive non-CB 1 receptor (located on the endothelium), and the other by an SR-141716A-resistant direct action on vascular smooth muscle (37) .
We have reported that the production of 2-AG is enhanced in normal, but not in endothelium-denuded, rat aorta on stimulation with carbachol, an acetylcholine receptor agonist (38) . 2-AG potently reduces blood pressure in rats and may represent an endothelium-derived hypotensive factor (38) .
The observations reported now further complicate this already complex picture. We have found that HU-308 (in doses above 30 mg͞kg) reduces blood pressure when administered to rats (Fig. 4) , and that this cardiovascular effect is blocked by the CB 2 antagonist SR-144528, but not by the CB 1 antagonist SR-141716A. SR-144528 alone has no effect, whereas SR-141716A reduces blood pressure (Fig. 4) . The effect of SR-141716A is not unusual; in several studies, it has been reported that SR-141716A produces effects that are similar to those of cannabinoid agonists (39) . The effect of HU-308 was unexpected. Contrary to our results, it has previously been shown that Win-55212-2, a highly potent cannabinoid, with K i of 2.0 nM for CB 1 and 0.3 nM for CB 2 (40) , causes no hypotension in CB 1 knockout mice (41) . Its hypotensive effect in normal mice is completely blocked by the CB 1 antagonist SR-141716A (42) , indicating that with Win-55212-2, all the reduction of blood pressure was mediated by CB 1 . The difference may be caused by the existence of subtypes of CB 2 receptors, and HU-308 and Win-55212-2 may act on different subtypes. However, there are no data yet to support such an assumption. In any case, the hypotensive effect caused by HU-308 is produced through a mechanism that differs from the previously described CB 1 -mediated (or the anandamide receptormediated) hypotension produced by endocannabinoids, and apparently acts through CB 2 or a CB 2 -like receptor. Whatever the molecular basis of the presently reported observations, they may serve as a starting point for novel hypotensive drugs; HU-308 causes no psychotropic effects, as established by the lack of effect in the tetrad of assays described above. Therefore, we expect that HU-308 will not cause major undesirable effects in humans; most cannabinoids, other than the psychotropic ones, do not produce significant side effects.
HU-308 and indomethacin, at a dose of 50 and 20 mg͞kg, respectively, and injected between 30 and 90 min before the application of arachidonic acid, induced significant reduction of arachidonic acid-induced ear swelling (Fig. 5) . However, the anti-inflammatory effect produced by indomethacin was greater than that produced by HU-308. The CB 1 antagonist SR-141716A (5 mg͞kg), administered 15 min before HU-308, did not prevent the anti-inflammatory effect of HU-308. Rather, it was SR-141716A itself that reduced arachidonic acid-induced ear swelling. As mentioned above, SR-141716A may act as agonist (39) . By contrast, the CB 2 receptor antagonist SR-144528 (0.5 mg͞kg) did not itself induce an anti-inflammatory effect; however, it reduced the anti-inflammatory effect of HU-308 (Fig. 5) .
Calignano et al. (22) and Jaggar et al. (23) have shown that anandamide attenuates the early or the late phase, respectively, of pain behavior caused by formalin-induced chemical damage. This effect is produced by interaction with CB 1 (or CB 1 -like) receptors, located on the peripheral endings of sensory neurons involved in pain transmission. Palmitoylethanolamide, which, like anandamide, is present in the skin, also exhibits peripheral antinociceptive activity during the late phase of pain behavior (22, 23) , although it does not bind to either CB 1 or CB 2 (40) . Its analgesic activity is blocked by the specific CB 2 antagonist SR-144528, though not by the specific CB 1 antagonist SR- 141716A. Hence, the existence of a CB 2 -like receptor was postulated (22) .
The results reported now throw further light on the involvement of the CB 2 receptor in peripheral antinociception. HU-308 apparently acts through the CB 2 (or a CB 2 -like) receptor as it binds to CB 2 , but not to CB 1 . Thus, in our studies, HU-308 reduced peripheral pain during the late phase of pain behavior (Fig. 6 ), which was prevented by SR-144528, the CB 2 antagonist, but not by SR-141716A, the CB 1 antagonist. This observation is in agreement with reports on the presence of CB 2 -like receptors on peripheral nerve terminals (9, 10) , and with the report of Zimmer et al. (43) on a residual analgesic effect of THC in CB 1 knockout mice. The Zimmer data indicate that THC may act in part through CB 2 , or a CB 2 -like receptor. Whatever the exact mechanism of the activity of HU-308 on pain transmission, our results indicate that cannabinoids may serve as peripheral analgesics that have no central effects.
In summary, we have synthesized a CB 2 -specific agonist, code-named HU-308. This cannabinoid does not bind to CB 1 (K i Ͼ 10 M), but does so efficiently to CB 2 (K i ϭ 22.7 Ϯ 3.9 nM); it inhibits forskolin-stimulated cyclic AMP production in CB 2 -transfected cells, but much less so in CB 1 -transfected cells. It shows no activity in a tetrad of behavioral tests in mice, which, together, have been shown to be specific for THC-type activity in the CNS. However, HU-308 reduces blood pressure, blocks defecation, and elicits anti-inflammatory and peripheral analgesic activity. The hypotension, the inhibition of defecation, the anti-inflammatory activity, and the peripheral analgesic activity produced by HU-308 are blocked (or partially blocked) by the CB 2 antagonist SR-144528, but not by the CB 1 antagonist SR-141716A. These results demonstrate the feasibility of discovering novel nonpsychotropic cannabinoids that may lead to new therapies for hypertension, inflammation, and pain.
We thank Judith Schleyer for excellent technical assistance with the blood pressure assays, Dr. U. Meiri for setting up and processing the data of the blood pressure assay, Prof. Z. Vogel for the supply of the transfected cells for the CB2 binding, and the Israel Science Foundation and the U.S. National Institute on Drug Abuse for partial financial support (to R.M. and R.P.). 5 mg͞kg) was injected, i.p. 15 min before an injection of vehicle or HU-308 (50 mg͞kg). Ninety min later, formalin was injected s.c. into one hind paw. Pain was assessed as the total number of licks of the injected paw, recorded every 5 min for 1 hr. Early (5 min) and late (25-60 min) phase pain were observed as described (21) . However, HU-308-induced effects were observed only during the late phase. Data collected at 30 min after formalin injection are presented here. * , Significantly different from non-formalin-treated mice (P Ͻ 0.05); #, significantly different from vehicletreated mice that had also received formalin (P Ͻ 0.05).
